Asthma, a complex chronic inflammatory pulmonary disorder, is on the rise despite intense ongoing research, underscoring the need for new scientific inquiry. In an effort to provide unbiased insight into the pathogenesis of this disease, we took an empirical approach involving transcript expression profiling of lung tissue from mice with experimental asthma. Employing asthma models induced by different allergens (ovalbumin [OVA] and Aspergillus fumigatus), we found strong induction of trefoil factor-2 (TFF2), a gene involved in epithelial restitution and mucosal secretion in the gastrointestinal tract. Using a combination of pharmacologic delivery and transgenic overexpression, TFF2 was demonstrated to be strongly induced in the lung by interleukin (IL)-4 and IL-13. Notably, TFF2 induction by both OVA and pharmacologic delivery of IL-4 and IL-13 was dependent upon signal transducer and activator of transcription (STAT)6. However, the upregulation of TFF2 by both chronic expression of IL-4 and Aspergillus fumigatus antigen was independent of STAT6. These results establish that TFF2 is an allergen-induced lung gene product differentially regulated by Th2 cytokines and STAT6. Given the important role of trefoil factors in wound healing, epithelial restitution, and maintenance of mucosal integrity in the gastrointestinal tract, these results support a potential role for TFF2, in both the acute and chronic phase of experimental asthma, via separate induction pathways.
integral role for these cells in the pathophysiology of asthma (5, 6) . Th2 cells are thought to induce asthma through the secretion of a variety of cytokines (interleukin [IL]-4, -5, -6, -9 -10, -13, -25) that activate inflammatory and residential effector pathways both directly and indirectly (7) (8) (9) . In particular, IL-4 and IL-13 are produced at elevated levels in the asthmatic lung, and are thought to be key regulators of many of the hallmark features of disease (9, 10) . More recently, attention has focused on the pathogenesis of airway remodeling in the setting of chronic airway inflammation. It has also become clear that mesenchymal cell signaling, induced by Th2 cytokines, has an active role in chronic injury and repair processes in response to allergen-triggered inflammation (11) . Although these collective studies have provided the rationale for the development of multiple therapeutic agents that interfere with specific inflammatory pathways (12, 13) , the development of the asthma phenotype is likely to be related to the complex interplay of a large number of additional genes, and their polymorphic variants. Accordingly, we aimed to identify new genes involved in the pathogenesis of experimental asthma using an empiric approach employing DNA microarray analysis of whole lung RNA (14) .
This manuscript focuses on one such gene, that encodes for trefoil factor family peptide (TFF)2. Trefoil peptides are small (7-12 kD) protease-resistant proteins, composed of a characteristic three-loop structure formed by three conserved cysteine disulfide bonds, and secreted by the gastrointestinal mucosa in a lineage-specific manner (15, 16) . TFF2, also known as spasmolytic polypeptide, is expressed in the stomach (and to a lesser extent in the proximal duodenum and biliary tract), whereas TFF1 and TFF3 are expressed and secreted predominantly by gastric pit cells and intestinal goblet cells, respectively. Trefoil factors are critically involved in responses to intestinal injury, primarily by their ability to promote epithelial restitution, the rapid spreading and migration of existing epithelial cells following injury (16) . Although expressed and secreted preferentially by gastric mucus neck cells, TFF2 is upregulated in diverse pathologic conditions of the gastrointestinal tract including ulceration, inflammatory bowel disease, Helicobacter pylori infection, and by injury promoted by nonsteroidal anti-inflammatory drugs (15, 16) . In these conditions, TFF2 is thought to regulate acid production, stabilize the mucin gel layer (by directly interacting with mucin proteins), and promote healing, as supported by recent studies in TFF2-deficient mice (17) .
We chose to focus on the expression and regulation of TFF2 in experimental asthma because this molecule has not been extensively studied in the context of allergy or lung inflammation. Because of the established role of TFF2 in gastrointestinal repair responses, TFF2 is a novel candidate gene likely to be involved in the remodeling and repair responses associated with allergic lung disorders. Furthermore, because TFFs directly interact with mucin proteins (18) , molecules that are overproduced in the asthmatic lung, it was additionally relevant to examine their involvement in allergic lung responses. Our results demonstrate specific regulation of TFF2 by diverse allergens, as well as the Th2 cytokines IL-4 and IL-13. In addition, we demonstrate that signal transducer and activator of transcription (STAT)6 is required for acute TFF2 induction by IL-4, IL-13, and the allergen ovalbumin (OVA), but not by the allergen Aspergillus fumigatus or by chronic overexpression of lung IL-4.
Materials and Methods

Experimental Asthma Induction
Balb/c mice were obtained from the National Cancer Institute (Frederick, MD), and STAT6-deficient mice (Balb/c) were obtained from Jackson Laboratory (Bar Harbor, ME). All mice were housed under specific pathogen-free conditions. Asthma models were induced by intraperitoneal injection with OVA and 1 mg aluminum hydroxide (alum) separated by 2 wk, followed by two doses of intranasal OVA or saline challenge 2 wk later, as previously described (19) . Aspergillus fumigatus antigen-induced asthma was induced over the course of 3 wk by repeated intranasal inoculation of antigen, as described (19) . IL-4 administration via intranasal delivery in lightly anesthetized (isoflourane) mice was performed as previously described (20) . Briefly, recombinant murine IL-4 (2 g in 50 l 0.9% saline) was delivered in conjunction with monoclonal antibody (10 g) directed against IL-4; this allows for the half-life of IL-4 to be increased from several minutes to ‫ف‬ 24 h. Dosing was every other day for six doses. Recombinant murine IL-13 (4 g in 20 l 0.9% saline [a generous gift from Dr. Debra Donaldson, Wyeth Research]) was administered via intratracheal delivery in ketamine-anesthetized mice. Dosing was for five consecutive days.
Preparation of RNA and Microarray Hybridization
RNA was extracted using the Trizol (Invitrogen, Carlsbad, CA) reagent as per the manufacturer's instructions. After Trizol purification, RNA was repurified with phenol-chloroform extraction and ethanol precipitation. Microarray hybridization was performed by the Affymetrix Gene Chip Core facility at Cincinnati Children's Hospital Medical Center. Briefly, RNA quality was first assessed using the Agilent bioanalyzer (Agilent Technologies, Palo Alto, CA) and only those samples with 28S/18S ratios between 1.3 and 2 were subsequently used. RNA was converted to cDNA with Superscript choice for cDNA synthesis (Invitrogen), and subsequently converted to biotinylated cRNA with Enzo High Yield RNA Transcript labeling kit (Enzo Diagnostics, Farmingdale, NY). After hybridization to the murine U74Av2 GeneChip (Affymetrix, Santa Clara, CA), the gene chips were automatically washed and stained with streptavidin-phycoerythrin using a Fluidics System (Affymetrics, Santa Clara, CA). The chips were scanned with a Hewlett Packard GeneArray Scanner (Affymetrics). This analysis was performed with one mouse per chip (n у 3 for each allergen challenge condition and n у 2 for each saline challenge condition).
For Northern blot analysis, RNA was extracted from the lungs of wild-type Balb/c mice, IL-4 Clara cell 10 lung transgenic mice (21) containing wild-type or deleted copies of the gene for STAT6 (22) , and from the lungs of mice treated with saline or recombinant murine cytokines, as previously reported (23, 24) . Hybridization was performed with 
Data Analysis
From data image files, gene transcript levels were determined using algorithms in the Microarray Analysis Suite Version 4 software (Affymetrix). Global scaling was performed to compare genes from chip to chip; thus each chip was normalized to an arbitrary value (1,500). Each gene is typically represented by a probe set of 16-20 probe pairs. Each probe pair consists of a perfect match oligonucleotide and a mismatch oligonucleotide that contains a one-base mismatch at a central position. Two measures of gene expression were used: absolute call and average difference. Absolute call is a qualitative measure in which each gene is assigned a call of present, marginal, or absent based on the hybridization of the RNA to the probe set. Average difference is a quantitative measure of the level of gene expression, calculated by taking the difference between mismatch and perfect match of every probe pair and averaging the differences over the entire probe set. Differences between saline and allergen-treated mice were also determined using the GeneSpring software (Silicon Genetics, Redwood City, CA). Data were normalized to the average of the salinetreated mice. Gene lists were created that contained genes with P Ͻ 0.05 and Ͼ 2-fold change (using genes that received a present call based on the hybridization signal).
Results
DNA Microarray Analysis Identifies TFF2 as an Allergen-Induced Gene in Experimental Asthma
To identify allergen-induced genes in the lung specifically focused on genes that were not specific to a particular experimental regime, we induced experimental asthma using two distinct experimental protocols. Using global transcript profile analysis, we aimed to identify allergen-induced genes that overlapped in the two independent models of asthma. In one model, mice were intraperitoneally sensitized with the allergen OVA in the presence of the adjuvant alum on two separate occasions separated by 14 d. Subsequently, mice were challenged with intranasal OVA or control saline on two occasions separated by 3 d. Eighteen hours after the last allergen challenge, the lung was harvested for RNA analysis. In another model, experimental asthma was induced by the Aspergillus fumigatus antigen, because this model involves a unique mucosal sensitization route (intranasal) compared with the OVA model (25, 26) and because Aspergillus fumigatus is a ubiquitous and common aeroallergen. Lung RNA was obtained 18 h after nine repetitive doses over the course of 3 wk (chronic exposure) of intranasal Aspergillus fumigatus allergen or saline. Importantly, both asthma models have similar phenotypes, including Th2-associated eosinophilic inflammation, mucus production, and airway hyperresponsiveness (AHR). We next subjected RNA from each respective saline-and allergen-challenged mouse to microarray analysis using the Affymetrix chip U74Av2 that contains oligonucleotide probe sets representing 12,422 genetic elements, one of the largest collection of characterized mouse genes commercially available. We compared allergen-challenged mice (OVA or Aspergillus) to their respective saline control mice (n ϭ 2-3 mice in each experimental group), and genes were identified that statistically increased (P Ͻ 0.05) at least 2-fold after allergen challenge. Compared with mice challenged with saline, OVAchallenged mice had 496 genes induced and Aspergillus fumigatus-challenged mice had 527 genes induced (45) . Notably, the majority (59% of OVA and 55% of Aspergillus) of the induced transcripts overlapped between the two experimental asthma models.
Our results identified a set of 291 genes that were commonly involved in disease pathogenesis, rather than unique to a particular allergen or mode of disease induction. These "asthma signature" genes provide a valuable opportunity to define new pathways involved in the pathogenesis of allergic airway inflammation. In this regard, we were struck by the high level of transcripts for TFF2 in the asthmatic lung. We performed a quantitative microarray analysis for TFF2 in both the Aspergillus-and OVA-induced asthma models ( Figures 1A and 1B) . We also performed a kinetic analysis after the first OVA challenge, and found that TFF2 was detectable 18 h after the first allergen challenge, but not at 3 h ( Figure 1C) . Interestingly, microarray analysis revealed very specific dysregulation of TFF2 compared with other TFFs. For example, the hybridization signals for TFF3 was below background in the saline-and allergen-challenged lung, and although the TFF1 mRNA signal was present, it remained unchanged in response to allergen challenge (data not shown).
Northern Blot Analysis Demonstrates TFF2 Induction by Allergen
We subsequently demonstrated by Northern blot analysis that Aspergillus fumigatus-challenged mice had marked expression of TFF2 compared with mice challenged with saline ( Figure 2A) . Additionally, we determined by Northern blot analysis that there was a time-and dose-dependent induction of TFF2 during the progression of OVA-induced experimental asthma; TFF2 was induced 18 h after the first allergen challenge and was even higher after two allergen challenges ( Figure 2B ). Subsequent kinetic analysis revealed that TFF2 expression was maximally expressed by 10 h after the second challenge, and this level was maintained through 120 h ( Figure 2C ). TFF3 mRNA was not detectable by Northern blot analysis of the same experimental asthma lung samples, although it was detected in a Northern blot prepared from gastrointestinal tissue RNA (data not shown).
Pharmacologic Delivery of IL-4 and IL-13 Induces Lung TFF2
Because asthma is a Th2-associated process, we were interested in testing the hypothesis that pharmacologic delivery of IL-4 and IL-13 was sufficient for induction of TFF2. Both cytokines have been shown to be critically involved in the development of several features of experimental asthma (27) . To test this hypothesis, we administered IL-4 or IL- 13 by repeated application to the respiratory tract of anesthetized mice. These protocols induce several features of experimental asthma, including eosinophilic inflammation, chemokine induction, mucus production, and AHR (9, 28, 29) . Administration of both Th2 cytokines induced marked levels of TFF2 mRNA compared with saline-treated control mice ( Figures 3A and 3B ).
Chronic Overexpression of IL-4 Potently Induces Lung TFF2 In Vivo
We were next interested in testing the hypothesis that chronic overexpression of IL-4, particularly in the lungs, was sufficient for induction of TFF2. Mice that overexpress the IL-4 transgene in pulmonary epithelium (under the control of the Clara cell 10 promoter) have several features of asthma including eosinophil-rich inflammatory cell infiltrates, mucus production, and changes in baseline airway tone (21) . We hypothe- sized that TFF2 mRNA would be induced by the IL-4 transgene. Indeed, IL-4 lung transgenic mice had a marked increase in the level of TFF2 mRNA compared with wildtype mice ( Figure 3C ).
IL-4 and IL-13 Induction of Lung TFF2 is Differentially Dependent on STAT6
IL-4 and IL-13 share similar signaling requirements, such as use of the IL-4R␣ chain and the induction of janus kinase 1 and STAT6. A subset of their responses has been shown to be STAT6-dependent (22, 30, 31) . To test the role of STAT6 in the induction of TFF2 in vivo, we delivered IL-4 to wild-type and STAT6-deficient mice. As shown in Figure 3A , IL-4-induced TFF2 expression was largely STAT6-dependent. We also delivered IL-13 to STAT6-deficient mice and found that TFF2 was largely dependent upon STAT6 ( Figure 3B ). We were next interested in examining IL-4 lung transgenic mice that contained wild-type or gene-targeted deletion of STAT6 ( Figure 3C ). These mice were generated by mating IL-4 lung transgenic mice with STAT6-deficient mice, and have been previously described (24) . Notably, the IL-4 transgene induced TFF2 mRNA expression was largely STAT6-independent. This was a surprising finding, because other IL-4-induced lung genes have been reported to be STAT6-dependent (24) . To verify these findings, we examined expression of eotaxin-1 in these mice, and demonstrated that IL-4-induced eotaxin mRNA expression was completely dependent upon STAT6 ( Figure  3C ). Collectively, these results demonstrate that TFF2 induction by pharmacologic delivery of IL-4 and IL-13 occurs by a STAT6-dependent mechanism, and that chronic overexpression of IL-4 by a transgenic approach induces TFF2 expression in the absence of STAT6.
Allergen-Induced TFF2 Expression Is Differentially Regulated by IL-13 and STAT6
We were next interested in determining if allergen-induced TFF2 expression was STAT6-dependent. This would help determine if allergen-induced TFF2 was predominantly downstream from IL-4/IL-13 signaling. Notably, mice deficient in STAT6 had reduced expression of lung TFF2 after OVA challenge; as a control, wild-type mice displayed readily detectable lung TFF2 ( Figure 4A ). To further examine the role of IL-13 and STAT6 signaling, we assessed OVA-induced experimental asthma in IL-13 gene-targeted mice. Notably, IL-13 gene-targeted mice had markedly reduced OVA-induced TFF2 expression. Collectively, these results indicate that OVA-induced TFF2 occurs downstream from IL-13 and STAT6 signaling ( Figure 4B ). In contrast, when the STAT6 requirement was examined in the Aspergillus fumigatus-induced model of experimental asthma, there was strong induction of TFF2 even in the absence of STAT6. For example, the levels of TFF2 mRNA were comparable in the wild-type and STAT6(Ϫ/Ϫ) mice ( Figure 4C ) after Aspergillus fumigatus antigen treatment. These results demonstrate that the mechanism of allergeninduced TFF2 induction varies with distinct experimental regimes. In particular, the OVA-induced model appears to be regulated by a Th2-associated STAT6 pathway, whereas the Aspergillus fumigatus regime induces TFF2 primarily independent of STAT6.
Discussion
To understand the complex mechanisms involved in the pathogenesis of asthma, we employed transcript expression profile analysis to define a set of "asthma signature" genes. We focused on the discovery of TFF2 (as an asthma-associated gene) because this molecule had properties potentially important in asthmatic responses, and because TFF2 was not previously implicated in the pathogenesis of asthma. Our results have uncovered several principles concerning trefoil factors and asthma. First, allergic lung inflammation, triggered by diverse allergens and modes of disease induction, is shown to be associated with marked and specific ectopic expression of TFF2 (but not TFF1 or TFF3) in the lung. Before these findings, expression of TFFs (especially TFF2) was thought to be primarily restricted to the gastrointestinal tract (15, 16) . Second, our study demonstrates that the Th2 cytokines IL-4 and IL-13 are potent inducers of TFF2 in the lung. These findings indicate that allergen-induced TFF2 is likely to be mediated, at least in part, by IL-4 and IL-13. Indeed, analysis of IL-13-deficient mice revealed that OVA-induced TFF2 expression was largely dependent on IL-13. IL-4 and IL-13 are related cytokines that share a similar signaling mechanism (e.g., use of a common receptor subunit [IL-4R␣ chain] and activation of STAT6) (27) . Notably, although both of these cytokines are known to have an essential role in asthma, the mechanisms by which they induce various elements of the asthmatic response (e.g., AHR, mucus production, and airway remodeling) are only partially understood. Our results suggest that the pathogenesis of IL-4-/IL-13-associated allergic lung responses may be mediated by TFF2, at least in part. It is tempting to speculate that injury-associated epithelial hyperplasia and epithelial differentiation (e.g., mucus cell metaplasia), processes known to be regulated by TFF2 in the gastrointestinal tract, may also be mediated by TFF2 in the lung. Third, our results demonstrate that although TFF2 is induced by both IL-4 and IL-13, STAT6 is not a requisite for TFF2 induction. For example, the modulation of TFF2 by Aspergillus fumigatus antigen and the IL-4 transgene occurs at comparable levels in STAT6-deficient and wild-type mice. However in contrast, it is notable that TFF2 induced by pharmacologic delivery of IL-4 and IL-13 and by the OVA asthma model is attenuated in STAT6-deficient mice. These findings are consistent with prior studies that have shown distinct and overlapping mechanisms for the involvement of IL-4 and IL-13 in experimental asthma (27) . Additionally, although OVA and Aspergillus fumigatus antigen both induce experimental asthma, Aspergillus is capable of inducing Th2 responses independent of adjuvant, indicating that both allergens employ distinct mechanisms for asthma induction. Collectively, these findings suggest that Th2 cytokine-mediated TFF2 induction is likely to occur by an indirect mechanism. Consistent with an indirect mechanism, the TFF2 promoter is not known to contain a STAT-binding site (32) . Prior studies have shown that GATA6, a transcription factor normally expressed in the heart and gastrointestinal tract, is important for TFF2 induction (33, 34) . It will certainly be important to elucidate if GATA6 is induced and required for TFF2 expression in the lung. Furthermore, our results appear to support prior studies that have suggested that certain aspects of allergic asthma are regulated via a STAT6 pathway, and that this pathway may be differentially dependent upon acute or chronic induction of experimental asthma (35) (36) (37) .
Prior studies have determined that Th2 responses can occur independent of STAT6 in the absence of the Bcl6 or CTLA4 molcules. Thus, the Aspergillus fumigatus antigen and the IL-4 transgene may induce TFF2 by suppressing Bcl6-associated transcription and/or by providing strong costimulating T cell activation. The differential regulation of STAT6 is not unique to TFF2, as indicated by our global transcript profile analysis of Aspergillus fumigatus antigen challenged STAT6-deficient mice (A. Mishra, N. Zimmermann, and M. Rothenberg, unpublished results).
Under normal physiologic conditions, TFF2 is predominantly expressed in the stomach, with lower levels in the proximal duodenum and biliary tract (15, 16) . In the stomach, TFF2 is expressed by gastric mucus neck cells, and is secreted onto the mucosal surface associated with mucin proteins. TFF2 is upregulated in diverse injury-associated pathologic conditions in the gastrointestinal tract, including ulceration associated with Helicobacter pylori infection, nonsteroidal anti-inflammatory drug use, and Crohn's disease of the gastrointestinal tract (38) (39) (40) . In all of these states, TFF2 expression appears to be related to the proliferative zone of the mucosa, suggesting that TFF2 may be involved in regulating epithelial proliferation in response to injury. Notably, the asthmatic lung is characterized by a large increase in epithelial proliferation (41) (42) (43) . Based on homology with the lung, it is likely that TFF2 is expressed by airway epithelial and goblet cells, indeed preliminary in situ hybridization analysis has supported this (data not shown). In addition, TFF2 has been linked with inhibiting acid production in the stomach (44) . Importantly, recent studies have shown that the asthmatic airway is characterized by an acidified environment that appears to be responsible for the oxidation of nitrite to nitric oxide, a process that strongly correlates with airway inflammation (45) . Recent studies with TFF2-deficient mice have definitively elucidated a critical role for TFF2 in promoting mucosal healing through inhibition of acid secretion and stimulation of epithelial proliferation (17) . It is thus tempting to speculate that allergen-induced TFF2 may have a critical role in regulating several critical features associated with the pathogenesis of asthma, including acidification of the airway and epithelial proliferation. These results raise the importance of subjecting TFF2-deficient mice to the induction of experimental asthma.
In conclusion, we report that (i ) TFF2 is an allergeninduced gene in the asthmatic lung; (ii) the Th2 cytokines IL-4 and IL-13 induce TFF2; and (iii) TFF2 induction can occur by STAT6-dependent mechanisms in acute models (as in the case of pharmacologic delivery of Th2 cytokines and OVA-induced asthma), and independently of a STAT6-regulated pathway in chronic models (as in the case of IL-4 transgenic expression and Aspergillus fumigatus-induced asthma). Collectively, these results raise the possibility that TFF2 may have an important role in the pathogenesis of asthma, especially with processes known to be regulated by TFF2 in the gastrointestinal tract, including epithelial proliferation, mucus hypersecretion, and acid production. Finally, these results indicate that allergic lung responses may share common pathogenic mechanisms with disease processes in the gastrointestinal tract.
